Despite high morbidity and mortality, no effective options are available for the treatment of acute lung injury (ALI). Therefore, the present study investigated the protective effect of honokiol (HK) on ALI via determination of its effect on several key biomarkers. The results of the study showed that HK significantly inhibited the infiltration of neutrophils and protein leakage induced by lipopolysaccharide (LPS) (p<0.05). The pretreatment with HK considerably boosted the endogenous antioxidant defense system to counteract the oxidative stress in LPS-induced ALI by elevating the levels of superoxide dismutase (SOD), catalase (CAT) and glutathione (GSH). Moreover, the activity of toxic mediators, such as myeloperoxidase (MPO), and lipid peroxidation were significantly inhibited upon treatment with HK. In order to examine the mechanism of action of HK, its effect was quantified using matrix metalloproteinase-9 (MMP-9) activity in bronchoalveolar lavage fluid (BALF) by gelatin zymography. Pretreatment with HK considerably suppressed the activation of MMP-9 in a concentration-dependent manner. These findings suggest that HK protects from lung injury via inhibition of MMP-9, and by enhancing the activity of the endogenous antioxidant defense system.
INTRODUCTION
The phrase acute respiratory distress syndrome (ARDS) was first applied by Ashbaugh and colleagues in 1967 to a cohort of 12 critically ill patients with acute respiratory failure [1] and subsequently, acute lung injury (ALI) was referred to, considered as the principal cause of ARDS. ALI was defined by an event of clinical complications including tachypnoea, hypoxemia, diffuse alveolar infiltrates, decreased pulmonary compliance and noncardiogenic pulmonary edema, resulting in a high incidence of morbidity and mortality. In the USA alone, around 200 000 people a year are affected by ARDS [2] . For the past two decades, mechanical ventilation has served as a protective strategy in treating ARDS patients [3] . Regardless of a better understanding of the underlying mechanism of ARDS, none of the pharmacological treatments offer a survival benefit in patients affected by it. Thus, plant-based natural products offer a selective advantage in treating this condition through the inhibition of oxidative stress and various inflammatory mediators [4] .
Honokiol (HK), a biphenolic lignan isolated from
Magnolia officinalis bark is most widely used in traditional Chinese medicine for "treating symptoms due to stagnation of Qi, " as well as stress-related symptoms [5] . It has shown a wide array of biological activity without appreciable toxicity. Various studies suggest that HK possesses powerful antiproliferative action by inhibition of angiogenesis, apoptosis promotion, suppression of various cancer cell-signaling pathways, control of gene expression, enhancing the pharmacological activity of chemotherapeutic drugs and radiosensitization of cancer cells to radiation therapy. HK also shows a prospective beneficial effect in improving the health of an individual by reducing inflammation and oxidative stress. In mental illness, HK provides neurological protection, it is capable of managing the glucose levels, and as a result, it helps to mitigate anxiety and depression [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, no study has reported the effect of HK on ALI. Therefore, the aim of the present study was to determine the effect of HK on LPS-induced ALI in mice.
MATERIALS AND METHODS

Materials
Lipopolysaccharide (LPS; Escherichia coli, serotype 0111:B4), dimethyl sulfoxide (DMSO) and other reagents were procured from Sigma-Aldrich (USA). The concentration of DMSO was below 0.5% in the reaction mixture in all experiments. Kits used to assess the levels of CAT, SOD and GSH activities were obtained from Cayman (USA). The malondialdehyde (MDA) assay kit was obtained from ZeptoMetrix (USA).
Animals
Male mice weighing 25-30 g were used in the study. Animals were kept under a standard 12:12 hour light:dark cycle at 25°C and 45-50% relative humidity, and fed with standard laboratory chow and water ad libitum. The study was approved by the institutional Ethical Committee.
Murine model of LPS-induced lung injury
Forty mice were indiscriminately divided into 5 groups, including a control and four treatment groups. The control group received the vehicle intraperitoneally (i.p.) for 30 min, followed by intratracheal (i.t.) instillation of 50 µl saline. The mice in the four treatment groups received LPS (100 µg/50 µl), and were injected with 0, 10 and 50 µg/kg of HK or 1 mg/kg of dexamethasone (DEX; i.p.). After 6 h, the mice were anesthetized with sodium pentobarbital, killed, and samples were collected. In each group, the left lung of 4 animals was excised and collected for CAT, SOD and GSH activity assays.
Bronchoalveolar lavage fluid collection
After euthanasia, the trachea of the mice was uncovered and intubated with a tracheal cannula. BALF collection was performed by cleaning the airways and lungs with 1 mL of cold saline three times. The resultant liquid was pooled and kept on ice and then centrifuged at 500×g for 5 min at 4°C. Additionally, the cell-free supernatant was kept at -20°C for determination of the concentration of protein and estimation of MMP activity. Bio-Rad protein assay reagents were used for the estimation of protein concentrations in the cell-free BALF. Giemsa stain was used to calculate the total leukocyte content.
Assay of lipid peroxidation and antioxidant enzymes
The thiobarbituric acid reactive substances (TBARS) assay kit was used according to the standard protocol as per the manufacturer's instructions to quantify the lipid peroxidation products (MDA equivalents). CAT, SOD and GSH activities were determined using commercially available assay kits.
Determination of myeloperoxidase (MPO) activity
For MPO estimation, the lungs of the experimental rats were homogenized in 0.1 M phosphate buffer (pH 7.0) containing 0.5% cetyltrimethylammonium bromide. In brief, the supernatant was mixed with 1.5 mL phosphate buffer containing 0.2% cetyltrimethylammonium bromide in the presence of 10 mM guaiacol. The reaction was triggered by the addition of 0.01% H 2 O 2 . The absorbance of the sample was recorded using a microplate reader and translated as the specific activity of MPO in the tissue (U/mg).
Effect of HK on matrix metalloproteinase-9 activity
The gelatin zymography protease assay was used for the estimation of MMP-9 activity in the BALF. The BALF was solubilized in sodium dodecyl sulfate (SDS) sample buffer (63 mM Tris-HCl at pH 6.8, 10% glycerol, 2% SDS and 0.0025% bromophenol blue; after the addition of gelatin to 0.1%, the sample was subjected to 8% SDS polyacrylamide gel electrophoresis (PAGE). After electrophoresis, the gels were washed twice in 2.5% Triton X-100 for 1 h and incubated at 37°C for 16 h in reaction buffer (40 mM Tris-HCl pH 8.0, 10 mM CaCl 2 , and 0.01% NaN 3 ). The gels were stained with Coomassie Brilliant R-250 and destained in a solution containing 7.5% acetic acid and 5% methanol.
Statistical analysis
Statistical analyses were performed using ANOVA followed by the Bonferroni t-test for multigroup comparisons; p<0.05 was considered significant for all tests. Data are expressed as means±standard deviation. The statistical analysis was performed with the help of GraphPad Prism Software 5.
RESULTS AND DISCUSSION
Effect of HK on LPS-induced ALI in mice
The LPS-induced ALI model mimics the clinical features of ALI found in humans but does not entirely replicate the characteristics of ALI. In mice, after instillation of LPS, the permeability of the alveolar-capillary barrier in lung tissues is increased and leads to infiltrations of leukocytes and leakage of protein [22] . Thus, we evaluated the effect of HK on the abovementioned parameters by quantifying the total protein concentration in cells. As can be seen in Fig. 1 , the protein concentration was significantly elevated in the BALF obtained from LPS-treated groups in comparison to the control (p>0.05). After pretreatment with HK, the level of LPS-induced injury was lowered. Regarding the effect of HK on infiltrations of leukocytes, it was found that HK prominently reduced the concentration of LPS-induced leukocyte infiltration in a dose-dependent manner. The results of the study suggest that HK showed a protective effect in ALI in mice.
Effect of HK on LPS-induced oxidative stress in lungs
Oxidative stress generated by the activation of neutrophils plays a vital role in injury of tissue [23] . Therefore, to prevent this, tissues have their own antioxidant defense mechanism that leads to the generation of endogenous chemicals such as SOD, CAT and GSH during healing from ALI. It was found that in the LPS-treated groups, the level of these enzymes were depressed, whereas as a result of drug activity, the levels were considerably increased (Fig. 2) . It was noted that as the concentration rose, the activity also rose. Thus, it could be inferred that the administration of HK considerably reduced the LPS-induced oxidative stress.
Effects of HK on LPS-induced MPO activity in BALF
MPO is a toxic mediator and biomarker released during the degranulation process of neutrophils under the influence of infection [24] . MPO is mostly found in primary matrix granules responsible for the genera- tion of various tissue-injury mediators. Thus, regulation of MPO could have protective effects on injury through the prevention of the generation of toxic mediators. As shown in Fig. 3A , in the LPS-treated groups the activity of MPO was found to be significantly higher than in the control (p<0.05). On the other hand, when pretreated with different concentrations of HK, the activity of MPO was reduced considerably. Thus, it can be surmised that HK plays a protective role against LPS-induced neutrophil activation.
Effect of HK on lipid peroxidation in LPSinduced ALI in mice
The intensity of oxidative stress was assessed by examining the change in the level of lipid peroxidation [25] . As shown in Fig. 3B , the level of lipid peroxide was found to be significantly elevated in the LPS-treated groups compared to the control (p<0.05). The level of peroxidation was considerably reduced with the introduction of HK, suggesting it has a role in the reduction of LPS-mediated injury.
Effects of HK on MMP-9 activity in the BALF of LPS-induced ALI mice
In an LPS-stimulated ALI model, MMP-9 or gelatinase B plays a vital role in the progression of lung injury via the regulation of NF-κB [26] , which is produced after infection by activated neutrophils and found at elevated concentrations in the BALF of LPS-treated mice [27] . Thus, using gelatin zymography, the effect of HK was quantified by examining MMP-9 activity in the BALF (Fig. 4) . It was found that the activity of MMP-9 was significantly elevated in the LPS-treated groups, in contrast to the control group (p<0.05). However, pretreatment with HK considerably suppressed the activation of MMP-9 in a concentration-dependent manner.
The presented findings show that HK exerts a protective effect in LPS-induced ALI through the inhibition of pathological pathways and by boosting the endogenous antioxidant defense system to counteract the oxidative stress in LPS-induced ALI. 
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